We describe a method to characterize spatial or temporal changes in the optical properties of turbid media using diffuse reflectance images acquired under broad-beam illumination conditions. We performed experiments on liquid phantoms whose absorption ͑ a ͒ and reduced scattering ͑ s Ј͒ coefficients were representative of those of biological tissues in the near infrared. We found that the relative diffuse reflectance R depends on a and s Ј only through the ratio a ͞ s Ј and that dependence can be well described with an analytical expression previously reported in the literature ͓S. L. Jacques, Kluwer Academic Dordrecht ͑1996͔͒. We have found that this expression for R deviates from experimental values by no more than 8% for various illumination and detection angles within the range 0°-30°. Therefore, this analytical expression for R holds with good approximation even if the investigated medium presents curved or irregular surfaces. Using this expression, it is possible to translate spatial or temporal changes in the relative diffuse reflectance from a turbid medium into quantitative estimates of the corresponding changes of ͑ a ͞ s Ј͒
Introduction
Optical imaging of biological tissue with a chargecoupled device ͑CCD͒ camera under broad-beam illumination conditions is a powerful tool for investigating superficial tissue layers with high spatial resolution. For instance, this approach has been used to obtain ϳ50-m-resolution, in vivo images of the cerebral cortex in animal models [1] [2] [3] and in humans. 4 The use of infrared light offers advantages over visible light in that it can sample deeper regions of tissue ͑Ͼ500 m͒, it better penetrates the dense and thinned skull in brain studies, and it is less sensitive to blood vessel artifacts. 5 Furthermore, the increased optical penetration depth offered by nearinfrared ͑NIR͒ light lends itself to noninvasive imaging applications such as the in vivo imaging of tumors with fluorescent contrast agents. 6 -9 These optical imaging approaches rely on spatial and temporal changes in the diffuse reflectance that are associated with brain activity, modifications to the local hemodynamics or metabolic rate or to both and accumulation or activation of a fluorescent probe at a cancerous site, etc. In most cases, these changes in the diffuse reflectance are only analyzed qualitatively. However, it is been recently reported that a quantitative analysis of the mean reflectances of human skin defects can be used to discriminate cutaneous melanoma from other pigmented cutaneous lesions. 10, 11 Consequently, to translate the differences of the diffuse reflectance of a biological tissue in differences of the optical properties may further improve the effectiveness of this imaging method, by allowing for a quantitative measurement of the local changes in the concentration of NIR chromophores.
A number of models have been developed to express the diffuse reflectance from a turbid medium ͑under broad-beam illumination conditions͒ in terms of the optical properties of the medium. [12] [13] [14] [15] [16] [17] [18] [19] We briefly review some of these models in Section 2. All of these models make several assumptions about the geometry of illumination or collection or both, the angular distribution of the light scattering within the medium, and the flatness of the air-medium boundary, etc. These assumptions are often crude approximations of practical in vivo measurements on tissue, and they may have a significant effect on the evaluation of the absolute reflectance ͑i.e., the ratio of the diffusely reflected light flux to the incident flux͒ that is usually considered in these models. Because most of the applications of diffuse optical imaging are aimed at measuring spatial or temporal changes in the diffuse reflectance, we focus our attention on the relative diffuse reflectance ͓i.e., the ratio of the diffuse reflectance at one location ͑or time͒ R 2 to that at a different location ͑or different time͒ R 1 ͔. We have found that the relative diffuse reflectance is highly insensitive to the geometry of illumination and collection; therefore, it may be robustly measured on tissue in vivo. Furthermore, if the ratio R 2 ͞R 1 can be expressed as a function of the difference 2 -1 ͓where 1 and 2 indicate some combination of the optical properties at locations ͑or times͒ 1 and 2, respectively͔, then by inverting this functional dependence one can translate a measurement of R 2 ͞R 1 into the corresponding change in the optical properties of the medium 2 -1 . Inversion of this functional dependence is the general idea behind this research, which is aimed at enhancing the information content of diffuse optical images in vivo.
Here is a description of what we have done in this research:
• we analyzed several theoretical models that express the dependence of the diffuse reflectance on a and s Ј ͑the reduced scattering coefficient 18 ͒ using different assumptions about the geometric configuration and the light scattering inside the medium;
• we measured the dependence of the diffuse reflectance on the optical coefficients a and s Ј of a tissuelike medium for a given experimental configuration;
• we measured the sensitivity of that dependence caused by changes in the illumination and detection angles, to get indications of the sensitivity to the curvature of the medium boundary;
• we identified, between the described models that express the relative diffuse reflectance as a function of a and s Ј, an expression for the diffuse reflectance that presents the best agreement with our experimental results;
• we estimated the sample volume that affects the measured diffuse reflectance.
Models for Diffuse Reflectance in Turbid Media
There are several theoretical and numeric models that have been used to express the diffuse reflectance from a turbid medium as a function of its optical properties. Every model makes specific assumptions about the illumination and detection geometries and about the optical characteristics of the medium. In this section, we review some of these models, which we use to interpret our results and to get indications on the effects of individual geometric or spatial parameters of the diffuse reflectance.
A. Boltzmann Transport Equation
The Boltzmann transport equation 19 ͑BTE͒ describes light propagation in scattering and absorbing media, such as biological tissue. This equation involves three optical properties, namely, the absorption coefficient a , the scattering coefficient s , and the scattering phase function. 18 Under steady-state conditions the BTE can be written as follows 20 :
where L͑r, s͒ is the radiance of light at position r along direction s, a is the absorption coefficient, s is the scattering coefficient, dЈ is the element of solid angle in direction sЈ, and p͑s, sЈ͒ is the phase function. 18 Equation ͑1͒ holds when one can neglect fluorescence, polarization, and the interactions between photons 21 ͑such as interference and diffraction effects͒.
The Boltzmann equation has general applicability and can be used, in particular, to find the diffuse reflectance from a medium illuminated with a broad beam. However, because of the difficulty of solving the equation directly, several approximations have been made. Chandrasekhar 21 first solved the equation, and Giovanelli 14 then elaborated the results to find the diffuse reflectance under the following simplified conditions:
• semi-infinite medium; • homogeneous medium; • either perfectly diffuse or collimated and perpendicular irradiance ͑broad beam͒;
• isotropic scattering ͓p ϭ ͑1͞4͔͒ or phase function p ϭ ͑1 ϩ x cos ͒͞4, where is the scattering angle, and x is a parameter that assume values in the range 0 -1.
The solution is not analytical, and Giovanelli 14 tabulated the values of the total diffuse reflectance for various values of albedo in the cases of refractiveindex matching condition and either isotropic scattering or anisotropic scattering corresponding to x of 0, 0.25, 0.5, 0.75, and 1. Giovanelli 14 tabulated a few diffuse reflectance values also in the case of a refractive-index mismatch at the medium surface of 1.33 or 1.5.
B. Approximate Solutions of the Boltzmann Transport Equation
There are numerous theories leading to approximate solutions to the BTE for the diffuse reflectance under orthogonal broad-beam illumination conditions; we consider in particular the 3-flux theory 16, 22 and the diffusion theory. 17, 12 These two methods lead to simplified formulas that provide an expression for the diffuse reflectance of a semi-infinite medium. Burger et al. 16, 22 showed that in the case of isotropic scattering, the results of the 3-flux theory agree well with the results tabulated by Giovanelli 14 for the same configuration. However, the application of the 3-flux theory to biological tissue gives rise to two main problems:
• light scattering in biological tissues is strongly anisotropic, but the 3-flux theory leads to an easy formula for the diffuse reflectance only for the case of isotropic scattering
• biological tissues can have curved and irregular boundaries; thus it is not always possible to achieve a condition of normal incidence of irradiation.
In diffusion theory, the scattering phase function is represented by the mean cosine of the scattering angle g, which is combined with the scattering coefficient to give the reduced scattering coefficient s Ј ϭ s ͑1 Ϫ g͒. The optical reduced albedo aЈ is defined as s Ј͑͞ a ϩ s Ј͒. Using diffusion theory, Flock et al. 17 found an equation that expresses the diffuse reflectance R of a semi-infinite medium under orthogonal broad-beam illumination as a function of the optical reduced albedo aЈ:
where k ϭ ͑1 Ϫ r d ͒͑͞1 ϩ r d ͒ and r d is the internal reflection coefficient of the medium. Equation ͑2͒
can be employed to obtain the diffuse reflectance from a medium when the optical reduced albedo and the internal reflection coefficient are known. Equation ͑2͒ is applicable if the detected photons have traveled diffusively within the medium, which requires that they have undergone many scattering events. Therefore, Eq. ͑2͒ may not be accurate in a case in which a large part of the detected signal comes from very superficial medium layers, where the detected photons may have undergone just a few scattering events.
C. Kubelka-Munk theory
Assuming all the hypotheses of ChandrasekharGiovanelli, but considering only the case of isotropic scattering, matched boundaries, and diffuse irradiation at the sample, Kubelka and Munk developed a 2-flux approximation method 17, 21, 23 that led to the following equation for the diffuse reflectance ͑R ϱ ͒:
where K and S are the Kubelka-Munk's absorption and scattering coefficients, respectively, which do not coincide with a and s . Several researchers 24 -29 tried to find relations between the two sets of coefficients. Mudgett and Richards 29 obtained an approximated equation that relates the ratios K͞S and a ͞ s to the first two coefficients of the series of Legendre that expresses the phase function. This formula, obtained in the case of a perfectly diffuse irradiation, reduces to the following expression for isotropic scattering:
The same result was obtained by comparison of the Kubelka-Munk's formula with the Chandrasekhar's exact solution. 24 Equation ͑4͒ holds also for an anisotropic phase function that is symmetric with respect to ϭ ͞2. 29, 30 However, in the case of a phase function that shows forward and backward peaks of different magnitudes ͑which is the case for almost all biological tissues͒ the use of the KubelkaMunk's theory may lead to errors. Furthermore, the Kubelka-Munk theory is strictly applicable only in the case of perfectly diffuse irradiation. Nevertheless, Burger et al. 16, 22 showed that it is possible to generalize the Kubelka-Munk theory for a configuration that uses perpendicular illumination, provided that the ratio between a ͞ s and K͞S is set to 0.27 instead of 3͞8 ͑or 0.375͒ as in Eq. ͑4͒. We point out that the value 0.27 is obtained empirically. Furthermore, the Kubelka-Munk requirement of a diffuse illumination is impractical for some reflectance measurements. The case of normal incident irradiation can be treated with the 3-flux theory, which provides the advantage that the scattering and the absorbing coefficients in the formula are the same as in Mie theory.
D. Adding-Doubling Method
Recently, Prahl et al. 31 introduced a new method to measure the optical properties of turbid materials by iterating an adding-doubling solution of the radiative transport equation. By using the adding-doubling method, Prahl et al. 31 found values of the total reflection by considering normal incident irradiation and different values for albedos, optical thickness, matched and unmatched boundary conditions, and isotropic and anisotropic scattering. 32 They compared the values obtained in the case of isotropic scattering with the tabulated values of Giovanelli, 14 finding them in good agreement. It is interesting to point out that, in the anisotropic case, Prahl et al. 19 employ the Henyey-Greenstein phase function that is often used to describe light scattering in biological tissue. 33 More recently, using both adding-doubling and Monte Carlo methods, Jacques 34 obtained the following analytical expression for the diffuse reflectance from a semi-infinite medium that presents anisotropic scattering as described by the HenyeyGreenstein phase function and considering a refractive-index mismatch of 1.33 between medium and air 32 :
Jacques 35 uses this formula to express the diffuse reflectance of the human skin illuminated by collimated perpendicular radiation. In a successive publication, he established that the value of 7.8 in Eq. ͑5͒ is neither a constant nor just a function of the refractive-index mismatch but that it depends on the ratio between a and s Ј. 34 However, Eq. ͑5͒ represents an important step toward the quest for an analytical expression for the diffuse reflectance that takes into account the strong anisotropy of light scattering inside biological tissues.
Materials and Methods
A. Optical Imaging Setup Figure 1 shows a schematic diagram of the experimental setup. We used a laser diode ͑Sharp LT025MD͒ that emits a divergent beam with elliptical cross section. The beam divergences along the major and minor axes of the ellipse are approximately 26°and 10°, respectively. When the laser is at a distance a of 30 cm from the sample ͑typical distance used in our measurements͒, the illuminated area is an ellipse with axes of approximately 14 and 5 cm, respectively. We used an LDX-3525 ͑ILX-Lightwave, Bozeman, Montana͒ precision current source to supply the laser with a current of 120 mA, resulting in a constant output power of approximately 40 mW. The temperature of the laser was stabilized at 25°C with an LDT-5525 ͑ILX-Lightwave, Bozeman, Montana͒ thermoelectric temperature controller, so that the emitted wavelength was fixed at 784 nm ͑from the datasheet of the laser͒. This wavelength choice falls within the diagnostic optical window for biological tissue, where the tissue absorption is minimized, 36, 37 so that the optical penetration depth of the radiation in the medium is maximized. The spatially resolved optical detection was performed with a CCD camera ͑Vers Array 512B, Roper Scientific, Trenton, New Jersey͒. The CCD lens was a 24 mm f2.8 wide angle ͑Vivitar, Newbury Park, California͒. This choice provides a relatively large solid angle of light collection that results in a 14 cm ϫ 14 cm imaged area at the minimum working distance b of 30 cm, so that the linear dimension of the pixel corresponds to 0.27 mm.
B. Tissuelike Sample
We used a liquid phantom consisting of Liposyn-10%, water, and black India ink inside a container of dimensions 12 cm ϫ 10 cm ϫ 4 cm ͑length, width, depth͒. Liposyn is a brand name for an intravenous nutrient that contains lipids and that is similar in composition to other brands like Intralipid and Nutralipid ͑100 ml of Liposyn-10% contain 5 g of soybean oil, 5 g of safflower oil, and 2.5 g of glycerin in water͒. Lipid suspensions such as these are often used in the biomedical optics field for simulating biological tissue 38, 40 because they show strong forward scattering and weak absorption at visible and NIR wavelengths, similar to biological tissues. A diluted solution of India ink 38, 41 provides an appropriate absorber. We made the phantom by mixing two calibrated solutions in deionized water: the first one of Liposyn-10% and the second one of India ink to modify, respectively, the reduced scattering coefficient and the absorption coefficient. We varied the relative concentrations of these two solutions by controlled steps, so that the optical coefficients of the phantom at 784 nm were in the ranges 0.03 cm Ϫ1 Ͻ a Ͻ 0.5 cm Ϫ1 with constant s Ј ϭ 8.6 Ϯ 0.4 cm Ϫ1 and 1 cm Ϫ1 Ͻ s Ј Ͻ 20 cm Ϫ1 with constant a ϭ 0.056 Ϯ 0.003 cm
Ϫ1
. These values are representative of the absorption and reduced scattering coefficients of biological tissue at NIR wavelengths. 42 The optical properties of the two solutions were calibrated by use of a multidistance frequency-domain method. 43 The measured value of s Ј at 784 nm of the 10% concentrated solution of Liposyn-10% was 9.6 Ϯ 0.5 cm Ϫ1 , whereas the measured value of a for the India ink solution was 0.18 Ϯ 0.01 cm
. As reported in the literature, 43 our measurements confirmed that, in the ranges considered, the absorption coefficient is determined by the ink concentration, whereas the scattering coefficient is determined by the Liposyn concentration. When we varied the Liposyn and ink concentrations, we took care to keep the volume of the liquid sample ͑and thus the level of the liquid in the dish͒ constant. Throughout the measurement session, we stirred the aqueous suspension before every image acquisition to ensure uniformity and to prevent the settlement of the lipids. We verified that the medium can be considered as semi-infinite, because the light that reached the boundaries of the dish had no effect on the measured reflectance. Figure 1 defines the illumination distance ͑a͒, the angle of incidence ͑␣͒, the collection distance ͑b͒, 
C. Measurements of Diffuse Reflectance
the sample. The CCD camera was at a distance b ϭ 30 cm and at an angle ␤ ϭ 15°. In this configuration, we acquired images of the diffuse reflectance of the medium for different values of its optical properties. First, we kept the reduced scattering coefficient of the medium at a value of 8.6 Ϯ 0.4 cm Ϫ1 , and we varied the absorption coefficient over the range 0.03-0.5 cm Ϫ1 . Then, we kept the absorption coefficient fixed at a value of 0.056 Ϯ 0.003 cm Ϫ1 , and we varied the reduced scattering coefficient over the range 1-20 cm Ϫ1 . The acquired images were elaborated as follows:
• We considered a relatively large imaged area ͑9 cm ϫ 4 cm͒, composed of pixels that were at least 2 cm away from the edge of the container;
• We performed a dark-current correction 44 consisting of subtracting from each image an image acquired with the same integration time but at closed shutter;
• We performed a flat-field correction 44 by dividing each image by the image measured on a reference medium containing only scattering particles ͑Lipo-syn͒ and no ink. Such a reference medium had a ϭ 0.024 Ϯ 0.001 cm Ϫ1 and s Ј ϭ 8.6 Ϯ 0.4 cm
Ϫ1
. This procedure corrects for the inhomogeneity of illumination. As a result, the measurements of diffuse reflectance are relative to the reference medium. We took the average reading over all pixels to increase the signal-to-noise ratio.
We performed a test to measure the effect that the geometric parameters of illumination and detection have on the dependence of the diffuse reflectance on the medium optical parameters. This test consisted of repeating five times the reflectance measurements, described above, for different values of the angle of illumination ͑␣͒ and collection ͑␤͒. To define the volume of the medium that affects the detected signal at a given pixel, we scanned a strongly absorbing target inside the medium using a micrometric translator. In this fashion we determined the depth and lateral size of the sample volume that affects the diffuse reflectance at a specific pixel. We performed this test on a medium with a ϭ 0.050 Ϯ 0.003 cm Ϫ1 and s Ј ϭ 8.6 Ϯ 0.4 cm Ϫ1 values that are representative of biological tissue in the NIR. The totally absorbing target was a small cylinder with a base diameter of 0.75 mm and a height of 10 mm. Using a geometric configuration with ␣ ϭ 15°, ␤ ϭ 0°, a ϭ 30 cm, and b ϭ 30 cm, we acquired diffuse reflectance images of the medium, varying the target immersion depth from 0 to 4 mm by increments of 1 mm. The image of the medium without the absorbing target was used for flat-field correction. Figure 2 shows the dependence of the relative diffuse reflectance on the ratio between the absorption and the reduced scattering coefficients of the medium. Closed circles refer to data taken on media with a fixed reduced scattering coefficient and variable absorption, whereas the open squares refer to data taken on media with a fixed absorption and variable scattering. The 5% relative error in the measurements of a and s Ј of the original scattering and absorbing solutions results in a systematic error ͑shown by the error bars in Fig. 2͒ for each of the two curves. The two data sets coincide to within such errors, indicating that the diffuse reflectance depends only on the ratio between the two optical coefficients.
Results
When we repeated these measurements using different values of angle of illumination ͑␣ ϭ 0°, ␣ ϭ 15°, ␣ ϭ 30°͒, angle of collection ͑␤ ϭ 0°and ␤ ϭ 15°͒, and distance between CCD camera and sample ͑b ϭ 30 cm and b ϭ 40 cm͒, we found similar results. Table  1 reports the measured data for the various cases and the maximum difference in the relative reflectance caused by changing the experimental geometry. The maximum deviation is 8%. Figure 3 shows the effect of the cylindrical absorbing target on the diffuse reflectance for depths of immersion in the medium of 0, 1, 2, and 3 mm ͑we do not show in Fig. 3 the case for depth of 4 mm͒. The medium had a ϭ 0.050 Ϯ 0.003 cm Ϫ1 and s Ј ϭ 8.6 Ϯ 0.4 cm
Ϫ1
. The curves in Fig. 3 represent the diffuse reflectance measured along a line that contains the projection of the absorbing target on the sample surface. In each image, all lines containing the projection of the target had the same shape within experimental errors. When the target is 2 mm deep in the medium it becomes clearly detectable since the peak in the diffuse reflectance is lower than all of the values at the other pixels. Figure 3 also shows that when the target is on the surface ͑i.e., depth ϭ 0͒, it affects the intensity profile of the diffuse reflectance image laterally for a distance of approximately 2 mm. 
Discussion
The measurements performed with our experimental setup show that the diffuse reflectance of a semiinfinite turbid medium depends on a and s Ј only through their ratio. This result has been reported by previous theoretical 14, 15, 17 and experimental 45 studies in the particular cases of isotropic scattering and either diffuse or collimated irradiation. In some cases, it has been reported that the laws valid for the isotropic scattering also apply to anisotropic scattering, provided that the scattering coefficient is replaced with the reduced scattering coefficient. 21, 46, 47 However, Fig. 4 shows that some theoretical models predict a dependence of the diffuse reflectance on a ͞ s Ј that is different from the one found in our measurements. We observed deviations of 33% by comparing our relative diffuse reflectance measurements with the Kubelka-Munk curve ͓Eq. ͑3͔͒ that is a good fit ͓using the Mudgett's and Richard's assumptions in Eq. ͑4͔͒ of the data tabulated by Giovanelli 14 in the case of diffuse irradiation ͑after replacing s with s Ј͒. On the other hand, we found deviations of 27% by comparing our measurements with the reflectance values obtained by fitting the data tabulated by Giovanelli 14 in the case of collimated perpendicular irradiation ͑after replacing s with s Ј and using the fit curve introduced by Burger et al. 16, 22 ͒. All curves of diffuse reflectance reported in Fig. 4 are normalized to 1 when a ͞ s Ј ϭ 0.00347. Parameters are defined in Fig. 1 . In the last column, we give the maximum discrepancy caused by changing the experimental geometry. . The curves are normalized to the intensity collected far away from the inhomogeneity. The horizontal line represents the value that is 5 standard deviations ͑͒ below the average intensity of 1 measured away from the inhomogeneity. Fig. 4 . Comparison between our experimental data ͑open circles͒ of relative diffuse reflectance versus a ͞ s Ј and several theoretical models: Kubelka-Munk ͓Eq. ͑3͔͒, valid for diffuse irradiation, matched refractive index, and isotropic scattering ͑dark solid curve͒; BTE for orthogonal collimated irradiation, matched refractive index, and isotropic scattering 14 ͑light solid curve͒; BTE with anisotropic scattering described by a phase function p ϭ ͑1 ϩ cos ͒͞4 14 ͑dotted curve͒; diffusion theory ͓Eq. ͑2͔͒ for a refractiveindex mismatch of 1.33 ͑dash-dotted curve͒; and adding-doubling and Monte Carlo methods ͓Eq. ͑5͔͒ for the Henyey-Greenstein phase function and refractive-index mismatch of 1.33 ͑dashed curve͒. In the graph, all the theoretical curves are normalized to 1 for a ͞ s Ј ϭ 0.00347.
From our measurements it appears that the geometry of illumination and detection is not likely to affect the dependence of the relative reflectance on a ͞ s Ј significantly. In fact, Table 1 shows that the diffuse reflectance for different geometric parameters varies at most by 8%. Furthermore, in the case of ␣ ϭ 0°͑i.e., the laser axis perpendicular to the medium surface͒, we also considered a small central portion ͑1 cm ϫ 1 cm͒ of the medium. The reflectance signal from this target has contributions mainly from its illumination and from the illumination of its close surroundings; in this portion of the medium the illumination was almost normal to the medium surface. Also for this case, we found exactly the same deviations of the diffuse reflectance from the theoretical models. The data, tabulated by Giovanelli 14 for the case of refractive-index mismatch between air and medium, are not enough for a meaningful comparison with our experimental results over the a ͞ s Ј range that we considered. The comparison with the data of Giovanelli 14 is therefore performed with the case of same refractive index between air and medium, which may account, at least in part, for the deviations between the experimental results and the theoretical data of Giovanelli. 14 However, the deviations are likely caused also by the anisotropic scattering in the medium used in our experiments. Giovanelli 14 demonstrated the sensitivity of the diffuse reflectance to the scattering anisotropy when he considered the diffuse reflectance for isotropic scattering and for a linearly anisotropic phase function. Figure 4 shows also the curves resulting from fitting the data tabulated by Giovanelli 14 in these two cases, indicating the different dependence of the relative diffuse reflectance on a ͞ s Ј in the isotropic and the anisotropic scattering cases. Furthermore, Reichman 48 developed a refined version of the 2-flux model, assuming collimated incident radiation to find a law that expresses the diffuse reflectance as a function of the optical parameters. His theory shows very good agreement with the more exact solution of the equation of radiative transfer, 20 except for the case of highly anisotropic scattering. In Subsection 1.B, we mentioned that one can use diffusion theory to express the dependence of the diffuse reflectance on the optical properties a and s Ј of a turbid medium under matched or unmatched boundary conditions. This dependence is given by Eq. ͑2͒. 17 By comparing our experimental data with Eq. ͑2͒, we found a maximum discrepancy of 10% as shown in Fig. 4 ͑considering a refractive-index mismatch of 1.33 between medium and air͒. We found that in our measurements the signal comes from a shallow superficial layer of the medium, so that a large number of detected photons may not have reached a diffusive regime of propagation within the medium. This fact may account for the discrepancy between our experimental data and the diffusion theory expression of the reflectance ͓Eq. ͑2͔͒. We noted previously that Jacques 34, 35 expressed the absolute diffuse reflectance of a semi-infinite medium as reported in Eq. ͑5͒. Our relative diffuse reflectance measurements were well described by our introducing an arbitrary normalization factor K into Eq. ͑5͒: Figure 4 shows the good agreement between our experimental data set of diffuse reflectance and the expression in Eq. ͑6͒, within maximum deviations of 2%. The ratio of the relative diffuse reflectance values R 1 and R 2 at two locations ͑for spatial changes͒ or at two times ͑for temporal changes͒ cancels out the unknown factor K in Eq. ͑6͒, and one can find the corresponding change in the ͑ a ͞ s Ј͒ 1͞2 of the investigated medium. In fact, using Eq. ͑6͒ and considering that s Ј͞ a Ͼ Ͼ1 ͑a condition commonly verified for biological tissue͒, we found after some algebra
where A ϭ 3 1͞2 ͞7.8ϳ0.22 and the subscripts 1 and 2 indicate the different locations or the different times.
The measurement of the variation in ͑ a ͞ s Ј͒ 1͞2 may be useful for diagnostic applications in vivo. In fact, in many cases the presence of biological tissue inhomogeneities, such as tumors, fluid-filled cysts, ischemic regions, hemorrhages, and skin defects, are often associated with variations in the optical properties, which result in local changes in the ratio a ͞ s Ј. 10, 11 In some cases, a temporal change in the ratio a ͞ s Ј may be induced by the administration of extrinsic dyes. We propose to use Eq. ͑7͒ for measurements of variations in the optical parameters of biological tissue. Moreover, Jacques obtained Eq. ͑5͒ using the Henyey-Greenstein function for the scattering phase function, which is often used for simulating anisotropic scattering in biological tissue. Furthermore, we found that Eq. ͑6͒, derived from Eq. ͑5͒, well expresses the experimental data of diffuse reflectance on a sample that had optical properties similar to those of biological tissue in the NIR.
As an example of application, we illustrate how the relative diffuse reflectance measurements can be employed to measure the difference in the absorption coefficient between two locations where the scattering properties are unchanged. For example, it has been reported that several kinds of tumors have s Ј similar to the rest of the tissue, whereas a may be much higher. 49 -52 In this case, the two relative diffuse reflectance values R 1 and R 2 ͑inside and outside the tumor͒ can be used to obtain ⌬ a , namely, the difference between the absorption coefficients inside and outside the tumor. In fact, in the case sЈ1 ϭ sЈ2 ϭ s Ј, Eq. ͑7͒ can be used to express ⌬ a as follows:
Therefore, this method requires one to know the s Ј and a1 of tissue. It is possible to use an estimate of s Ј and a1 by measuring them 54 or by using values reported in literature. 43 As reported in Fig. 5 , for a medium representative of biological tissue with a ϭ 0.1 cm Ϫ1 and s Ј ϭ 10 cm
Ϫ1
, even a relative error of 50% in the estimate of a causes a relative error of less than 20% in ⌬ a , whereas a relative error of 30% in the estimate of s Ј can cause a relative error as large as 15% in ⌬ a . Therefore, Eq. ͑8͒ yields a relatively accurate value of ⌬ a , even with rough estimates of s Ј and a . On the other hand, Fig. 5 shows that this method requires an accurate measurement of R 1 ͞R 2 , because a relative error of 2% in R 1 ͞R 2 can cause a relative error as large as 30% in ⌬ a . In the measurement on tissuelike media, we estimated a relative error on R 1 ͞R 2 of less than 1%.
We found that a small, totally absorbing target affects the diffuse reflectance over a lateral distance of ϳ4 mm and a depth of ϳ2 mm. These results pertain to a medium with absorption and reduced scattering coefficients of 0.050 Ϯ 0.003 cm Ϫ1 and 8.6 Ϯ 0.4 cm Ϫ1 , respectively. Therefore, the described method for quantitative estimates of the changes in ͑ a ͞ s Ј͒ 1͞2 from the ratio between the diffuse reflectances R 1 ͞R 2 can be applied if the tissue volume involved has linear dimensions and thicknesses of approximately 4 and 2 mm, respectively.
Conclusion
We have presented a method for quantitatively measuring spatial or temporal changes in the optical properties of turbid media from diffuse reflectance images. In our experimental setup, the laser-diode source gives a broad-beam illumination over an extended portion of the investigated medium while a CCD camera detector enables noncontact measurements of diffuse reflectance. Changes in the diffuse reflectance R can be translated, for example, into changes in the absorption coefficient ͑assuming that the reduced scattering coefficient does not change͒ by generalization of an analytical expression for the R versus a ͞ s Ј previously reported by Jacques. 35 This generalized expression has been validated experimentally over a wide range of optical properties ͑0.03 cm Ϫ1 Ͻ a Ͻ 0.5 cm Ϫ1 with s Ј fixed at 8.6 Ϯ 0.4 cm Ϫ1 and 1 cm Ϫ1 Ͻ s Ј Ͻ 20 cm Ϫ1 with a fixed at 0.056 Ϯ 0.003 cm Ϫ1 ͒, for illumination angles of 0°, 15°, and 30°, and for collection angles of 0°and 15°. In these ranges, we found a maximum variation of 8% in the dependence of R on a ͞ s Ј.
Our finding that R depends on a and s Ј only through the ratio a ͞ s Ј for the range of experimental conditions considered extends the results of previous theoretical studies 14, 15, 17 restricted to the cases of isotropic scattering and either diffused or collimated irradiations. The relaxation of the geometric requirements is critical in view of the application of our method to samples with curved or irregular boundaries. While the absolute reflectance is strongly affected by boundary effects, boundary shape, and incidence or collection angles or both, the dependence of the relative reflectance on the ratio a ͞ s Ј is relatively insensitive to these geometric factors, at least if the medium surface does not present strong irregularities or roughness. In this research, we have found that the ratio between the reflectances at different locations or different times is a function of the difference between ͑ a2 ͞ s Ј 2 ͒ 1͞2 Ϫ ͑ a1 ͞ s Ј 1 ͒ 1͞2 ͑where the subscripts 1 and 2 indicate the two different locations or times͒. Under particular conditions ͑for instance s Ј 1 ϭ s Ј 2 ͒, it is possible to express the absorption changes ͑⌬ a ͒ in terms of the measurement ratio R 1 ͞R 2 .
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